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A b s t r a c t :  The work deals with diagenetic evolution of itihe Lower Muschel­
kalk sediments. The following problems are considered: submarine versus vado- 
se early cementation, mineral composition of an early cement (non-ferroan pali­
sade calcite cement of the first generation), chemical composition of the Muschel­
kalk marine waters, evolution of primary mud into microspar (syntaxial cementa­
tion), generation of microspar- size cement tin the mud -supported deposits, develop­
ment of blacky calcite cement (the second generation) and its composition and 
neomorphism 'simultaneous with the late cementation.

INTRODUCTION

In the second part of the paper related to the Lower Muschelkalk 
carbonates of the south-western margin of the Holy Cross Mts., the 
orthochemical components of carbonate rocks and diagenetic processes 
are discussed.

Electron micrographs were made in the laboratories of the Elec­
tron Microscopy of the Institute of Metallurgy of the Polish Academy

* Academy of Mining and Metallurgy, Institute of Geology and Mineral Re­
sources, al. Mickiewicza 30, 30-059 Kraków.
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of Science and of the Scanning Microscopy of the Jaigielilonian Univer­
sity. The author expresses her sincere gratefulness to the Menagement 
and to the Staff of these institutions.

ORTHOCHEMICAL COMPONENTS OF CARBONATE ROCKS

There exist, in the investigated rocks, both orthochemical components 
built of calcite i.e. micrite, microspar, sparry cement (spar) and pseu­
dospar (neotnorphic callcite), and noncarbonate antigenic minerals i.e. 
gypsum, chalcedone (lutecite), quartz and feldspars. The noncarlbonate 
minerals have not 'been examined in detail.

The orthochemical components are minerals precipitated in a sedi­
mentary or diagenetic environment, they bear no traces of transport. 
Among them only the carbonate mud (micrite or microspar in a lithified 
sediment) could have been displaced before the final deposition.

Folk (1959, 1962) introduced the term ,,micrite” to determine the 
diagenetic counterpart of the primary carbonate mud, chemically or bio­
chemically precipitated in a sedimentary environment. The mud, when 
settling on the bottom, may suffer some later drifting foy weak currents. 
As a conventional size maximum for the micrite grains the cited au­
thor accepted 4 iim.

Gradually, the term ,.micrite” started to be used for comparatively 
small cement crystals (cf. Alexandersson, 1969, 1972, Ginstaurg e!t al., 
1971, Schroeder 1972, 1973, 1974 and others) and (lost its quasi-gene tic 
aspect. It became purely descriptive and as such has been used in this 
paper.

The term „spar” corresponds to the cement precipitated on the free 
surfaces of grains or in intragranular voids. The size of its crystals is 
dependent, among others, on the available void space. The term „spar” 
is essentially of genetic meaning, especially since the term „pseudo- 
spar” (Folk, 1965) has been introduced for recrystallized calcites.

As most of the investigators of the Middle Triassic carbonates agree 
(Skupin, 1970, 1973, Bachman, 1973, Schwarz, 1975), in the investiga­
ted limestone micrite occurs rarely. The matrix of most of the lime­
stones is composed of microspar (Pl. I, Fig. 1), the diagenetic equivalent 
of the original carbonate mud.

The sparry cement appears mainly in (biosparites and pelsparites 
i.e. in limestones built of dense packed grains. It also occurs in smaller 
amounts in other kinds of limestones, coating grains and filling voids.

In the above meaning „spar” corresponds to cement, but the latter 
is essentially a broader term, for it may be developed as crystals of 
micrite or of microspar size.
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Pseudospar (Pl. Ill, Figs. 3, 4, 5) prevails in organic remains recry­
stallized in situ. Recrystallization (neomorphism) of other components is 
tnot very common.

M i c r o s p a r  a n d  m i c r i t e

Recent deposits of shallow marine environments are mainly compo­
sed of aragonite or aragonite-calcite muds. They originate as a result of:
;_ Dying of calcareous algae, especially of green algae. They produce

in their thallus aragonite needles which accumulate, after decay of 
the organic matter, as a loose sediment (Lowans'talm, 1955, Stock­
man et al., 1967);

— Breakdown a!nd abrasion of aragonite and cälcite remains (cf. Mat­
thews, 1966);

— Physico-chemical and biochemical precipitation of calcium carbonate 
out of supersaturated marine water (Cloud, 1962, Wells and Illing, 
1964, Neev ainid Emery, 1967).
The last mentioned process is the most controversiall one. Precipita­

tion of aragonite has been ascertained in the supersalihe conditions of 
the Dead Sea (Neev and Emery, 1967). This probleim remains unsettled 
when concerning the Great Bahama Bank muds. According to Ciloud 
(1962) they could also re'sult firom physico-chemical processes.

The origin of muds in the Muschelkalk sea may be only the matter 
of speculation. Because of poverty in the calcareous algae, the first of 
the processes discussed above appears the .least prdbaible. Bachman (1973) 
disagrees with the conception of the origin of mud as a result of dis­
integration and albrasioin of organic remains, because of a lo|w grade of 
rounding of skeletons. However, the conception mentioned above should 
not be disregarded. The organic ;remains, especially the pelecypod and 
gastropod shells tend to break up into microstructural elements of mud 
size (cf. Force, 1969). It is not possible to recognize such elements if they 
originate from break up of skeletons with fibrous or thinly prismatic 
microstrueture. The results of break up can be relatively easily distin­
guished in case of shells with thick prismatic structure, because of a con­
siderable size of individual prisms (about 0,15 mm). There are lot of 
such particles in the Lima striata Beds (cf. Part I, Pl. V, Fig. 4). Neither 
the single pristós nor fragments composed of a few of them indicate 
any rounding, whereas the mioritiized skeletal fragments with their ori­
ginal structure destroyed, are subjected to it. According to the author, 
break up and abrasion of skeletal remains were an important source of 
carbonate muds.

The third of the cited sources — the physico-chemical (and biochemi­
cal) precipitation of mud out of the supersaturated marine water can 
2*
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not be denied, yet till now it has been too little investigated to be pro­
perly evaluated.

The recent carbonate muds are built of aragonite and high magne- 
sian calcite that change to low-magnesian calcite during diagenesis: Mg- 
-calcite loses Mg ions as a result of an incongruent dissolution (Berner, 
1967, Land, 1967) but aragonite is replaced by calcite in situ (ScManger, 
1964) or dissolved and again precipitated as calcite. Those changes occur 
in the diagenetic environment with pore water devoid of Mg ions.

It is not known whether the composition of the Dower Muschelkalk 
muds was similar to the (recent ones. However, since the neomiorphiSm 
is on;ly slightly marked in the micro'sparite limestones, it appears that 
the'se muds were built mainly of stable minerals (calcite).

According to Folk (1965) the primary carbonate mulds converted into 
micrite during diaigenesis, can be consequently changed into microspar, 
i.e. (the more -advanced stage of neomorphism. The neomorphic genesis 
of miorosp'ar can be supported (Folk, op. cit.) by following arguments:
— Mieroisp'ar often occurs as patches in unaltered micrite, being in no 

relation to the bedding;
— Miorospar often starts ais fringes around allochetms, forminig an a1--  

reolle of neomorphism. A radial arrangement of crystals around the 
alllochemis excludes a detritail origin of microspar;

— Miciroispiar is often associated with terrigenous clay minerals, conside­
red to be a hydraulic equivalent of a calcareous sediment composed 
of clay-sized particles.
However, .it appears that microspar of the investigated limestones 

never existed as micrite. This conception can be supported by following 
obseirvia titras:
— Microtepar .often displays a horizontal, parallel and lenticular lamina­

tion and cross-lamination (cf. Part I, Pl. III, Fig, 2). These features 
point to a transport and segregation of material;

— Microspar growing druse-like on the allochems shows all the fea­
tures of cement (Pl. I, Figs. 1, 2, Pl. II, Fig. 1) and differs from the 
cement of biosparite by size only (Pl. IV, Fijg. 1). In this case no neo- 
morphie aureole can thus be taken into account;

— Microspiar of the matrix lacks features characteristic for the neo­
morphic calcite (cf. Pl. I, Fig. 1 and Pl. Ill, Figs. 3, 4);

— No micrite patches have been found in microspar;
— In favour of existence of various grain sizes in the original carbonate 

mud are .microsparites (of Permian age) horizontally laminated and  
simutltaneously graded bedded, that indicates a possibility of micro- 
spar origin as a result of a mechanical segregation of mud (Pl. Ill, 
Fig. 1).
Being aware of the importance of the neomorphic processes the 

author presumes, however, that neomorphism is not the only way to­
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wards generation of microspar. For example, microspar can. be a diage­
netic equivalent of a silt fraction appearing in the original mud (Ba­
thurst, 1959). Moreover, it can also result from a syntaxial cementation 
of the primary mud particles growing due to dissolution of the unstable 
particles.

In the investigated rocks of the Lower Muschelkalk no micri'tic lime­
stones have been foutnd.
, Basing on all those data it has been accepted that the carbonate mud 

originaftlitng from different sources had been suibjeCted to a mechanical 
transport ajnld sorting, likewise the clastic material. After deposition, in 
the mud soaked with marine water and presenting the same porosity 
as the recent muds (cf. Ginsburg, 1957, Pray, 1960, Pray and Choquette, 
1966), processes of an early diagenesli's begun i.e. a gradual dehydxati- 
zation, dissolution of unstable particles and precipitation of cement. 
A submarine cementation of carbonate muds is accepted by Choquette 
(1968) basing on data from isotopic analyses of oxilde and cartoon.

"The cement crystallized in an optical continuity with crystallites of 
organic structures and with mud particles (cf. Bathurst, 1959), changing 
the la ter into microspar. This proces/s caused a gradual hardening of 
the sediment and elimination of pores. It is possible that the character­
istic elongation of many microspar grains has been caused by a faster 
growth of cement in direction of the optic axes of the primary particles.

The syntaxial cementatioii proceeded in the thin layer of the sedi­
ment near the surface, under oxidating conditions. The source of cetnent 
was marine water supersaturated in respect to CaC03, and unstable 
aragonite particles dissolluited during the early diagenesiis. Thus origina­
ted microspar is represented by grains slightly bigger than the primary 
mud particles.

In the limestone of Middle Triassic, micrite is of little importance. 
It appears only as micrite envelopes and crusts and chamber fillings 
of some gastropods (cf. Part I). Some peloids are built of micrite too.

Two types of micrite envelopes have been distinguished (cf. Part I). 
The envelopes of the type I are formed a!s a result of a replacement 
of an original particle by micrite filling vacated miCirolborings (Bathurst 
1964, 1966). Mieritizaitioin is centripetal and gradually eliiminaiteis the pri­
mary substance. In some skeletal remains single, small patches of mi- 
cnite, corresponding to particular borings, can be noticed (Pl. II, Fig. 4). 
The oairlbonate cement precipitating in borings is of micrite size, because 
of small void dimensions. This cement probably results from both the 
physico-chemical (Alexandersson, 1972) and the biochemical processes: 
connected either with metabolism of algae or with thie bacterial disinte­
gration of the organic matter (Kendall and Skipwith, 1969, Lloyd, 1971,. 
Mairgoilis and Rex, 1971, Alexaiidersson, 1974).

The envelopes of the type I are of variable thickness. Micritization.
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is often limited to the external parts of the attacked ail'ochems, however, 
in extfremie case, it can eliminate the primary material and turn the 
grain into a pelloid (cf. Part I).

Wiithm the micrite envelopes formed on the calcite skeletons, prima­
ry mliicrostructure is partly or wholy preserved, due to a relatively high 
stability of the organic calcite.

The micrite envelopes developed on the aragonite remains surround 
calcilte casts after dissolved aragonite (Pl. II, Fig. 2). It can be assumed 
thait, after dissolution of the aragonite and before precipitation of the 
calcilte cement, the micrite envelope surrounded the void. If at this stage 
compaction took place, the micrite envelope Was breaking, forming col­
lapse structure (cf. Part I, this volume fasc. 2)

Presence of collapse structures in the micrOlspairite matrix indicates 
the degree of consolidation of the sediment during compaction (Catalov,
1971). The fragments of micrite envelopes wholly buried in the sed im en t 
indicate dissolution of the organic aragonite and compaction taking place 
before oonsolidiatton of mud. Broken micrite envelopes, covered with 
cement of the first generation, with exception of fracture surfaces, indi­
cate both dissolution of the organic aragonite before the early cementa­
tion and compaction after crystallization of the first generation cement 
(cf. Parit I).

Micritiization indicates conditions favouring colonization of grains by 
microbiorers. Thelse conditions are: a loiw molbiililty of colonized grains 
and a sufficient light penetration. The latter is however, of no signifi­
cance in case of the heterotrophie microborers (Friieidman et all., 1971).

The envelopes of the type II (Davies and Kinsey, 1973) are formed 
either as a result of a mechanical trapping of mud partielles in the sticky 
organic film coating the calcareous grains or as a result of a bioche­
mical precipitation of micrite within it. Under pressure the envelopes 
behiave like those of the type I.

The recent micrite envelopes are built of aragonite and high Mg-cal- 
cite (Bathurst, 1966, Winland, 1968, Purdy, 1968, Alexandersson, 1972), 
but their fossil counterparts are built of low Mg-calcite.

If to adimit that in the marine environment of the Muschelkalk: the 
aragonite skeletons were coated with aragonite micrite envelopes, then, 
since dissolution of the aragonite skeletons tin these rocks is known, 
a question arises why aragonite of the organic remains became dissolved 
when the same mineral of the micrite envelopes was transformed into 
cailciite without any visible structural change. Is it possible for the same 
minerał to behave differently under identical diajgenetic conditions? 
Such question cannot be answered unequivocally. However, the author 
supposes that the envelopes were built not of aralgonite as in the recent 
environments but of tfalciite with eventually a Slight addition, of
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MgCOa. A small amount of Mg+2 ions in the oailcite micrite would ex­
plain the high resistance of the micrite envelopes to dissolution.

Beside the micrite envelopes there appears sometimes a structureless 
micrite in form of swellings and knobby crusts on the skeleton or 
peloid surfaces i(cf. Part I, Pl. II, Fig. 2). According to Catalov (1972) 
the crusts present biosedimentary structures of microstromatolite type. 
Nevertheless, it is possible that miioriitizaition of ernxxrusting foraminMers 
takes pllaice here.

C e m e n t
In the Lower Muschelkalk limestones cement is built of calcite grow­

ing free on the grain surfaces and filling up the voids. It is often 
quiite difficult to distiniguish the calicite cement from the neomorphic 
(reoryStallizefd) cailciite. Here, the criteria presented by Bathurst (1971, 
p. 417) can be helpful.

By the method of staining wüth alizarine red S and potassium fenri- 
cyanide solution (see Friedman, 1959, Evamy 1963, Dickson, 1965, Hut­
chison, 1974) the following varieties of cement have been detected:
— orange-pink mon-ferroan oailcite cement;
— pink — pale violet cement with small amount of Fe+2;
— violet ferroan calcite cement:
— blue, strongly ferroan calcite cement1

Orange-pink nion-ferroan calcite cement
Development of non-ferroan cailcite cement depends on the type of 

the sulbstratum, slize of voids and time of crystallization.
In biosparites, biopellsparites and pelisparites cemienit develops on the 

grain surfaces as layer composed of thin, long, steep-faiced crystals re­
latively tightly arranged (Pl. IV, Figs. 1, 5). This kind of cement was 
cfailled palisade cement (Schroeder, 1972). Inside the skeletal graäinö, 
mainly in voids left after the dissolved aragioniite shells, the cement 
crust is usually very thin and sometimes even albsent. In the first case 
dissolution of skeletal aragonite begum wiilth some delay in rel'aitdiom to 
the cement precipitation but ended earily eniouigh for cement to crys­
tallize in voids, forminig a layer thinner than on the griaiin surfaces, 
sometimes a layer of tiny initial crystals only. In the second case (lack 
of cement crust) dissolution of skeletal aragonite has taken plaice after 
crystallization of the mon-ferroan, calcite cement (cf. Bachman, 1973). 
The steep-faced cement crystals are generally not olbsierved on the com­
paction fracture surfaces. Hence, it appears that cement crystallization 
was prior to compaction and to the collapse structure as well (cf. Bath­
urst, 1964).

1 In the following itext the colour of calcite cement means the colour obtained 
by staining.
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The palisade cement forms crusts of stable thickness (Pil. IV, Fig. 5) 
around the grains in the biosparite. However, if in the proximity ce­
ment develops in an optical continuity with the echinoldenm pliâtes, 
growth of the palisade cement wiill be stopped (PI. Ill, fig. 6) by the 
syntaxial cement growing faster (cf. Lancia, 1962). M'any examples of 
cement in an optical continuity with efchinoderm , ,moniacrystalls’ ’, with 
radial crystals of foraminifer tests (Pl. IV, Fig. 3), with thin prisms of 
ostraood carapaces and prisms of pelefcyfpod shôîls were noted.

The tiny voids left in biomicrospiarites maihily after the thin-shdHed 
fauna, are filled with non-femoan cement built of more or less iizome- 
tric cryistiails of miicnoispiair size (20 to 30 //m). This type of cement has 
been cafLled granular cement.

On the whole, the thinnest, slender and steep-faced crystals of the 
orange-pink cement were found in the Lima striata Beds (Pl. IV, Figs. 
1, 5). In lower units, especially in the Wolica Bed's, cemenit developed 
as rather short amid thick crystals. It is possible that this difference was 
cauised by different quantitieis of Mg ions in the calicite lattice (cf. Folk, 
1973, 1974).

Many examples of microspar-size cement were found on the surfaces 
of the skeletal grains embedded in the microisparilte matrix (Pl. I, Filgs.
1, 2, Pl. II, Fig. 1). Those grains were buried in the calcareous mud 
where they remained in no contact with one another. It has been gene­
rally assumed that the mud enveloping the graiinls impedes the gnoiwith 
of cement. However, the author donisiders the growth of cement possi­
ble, especially if crystallites of organic structures are of an appropriate 
crystallographic shape and optical orientation, and the sediment — of 
an adequate porosity. As stated by Neugefoauer (1974), in chalk type 
sediment miainly syntaxial growth of cement with crystallites of some 
organic structures (e. g. echinoderm plates, inoceram prisms) has been 
observed. This process is influenced by the crystal size and the crystall 
shape of the particles. The grotwth of cement in optical continuity with 
such particles is faster than development of cemeinit on grains, which 
size, shape and optical orientation are not appropriated. So, it cam be 
assumed that presence of microisrar-size cement results from its faster 
crystallization on the skeletal grains than on mud particles also sub­
jected to cementation.

It is remarkable that both the skeletal remains and microispar of 
the matrix as weftl ais micrite of the micrite envelopes acquire the same 
orange-pink colour as the dilscuissed non-ferroan cement. So. it meanis, 
that all the processes of micritiization, mud cementation leading to for­
mation of microspar, and crystallization of cement occurred under oxida- 
zimig conditions.

In the micTOispiarite matrix a phenomenon can be observed that con­
firms the hypothesis of the syintaxlial cementation of mud particles..



—  305 —

Some of the microspar grains are characterized by presence of orange- 
pink nuclei an which develops the violet calcite in an optical Continuity. 
The contact between the differently coloured zones is sharp. These 
grains are grouped in small patches shattered in the microsiparite ma­
trix of an uniform orange-pink cdlour.

The process of syntiaxial cementation is, most ptrolbaibly, very com­
mon, bult it is very difficult to be found be'cauise of small crystal size 
and possdMe changes of the oxidation-reduction potential in the diage­
netic environment. Umider oxidiiziiing conditions the non-ferroan calcite 
cement crystallizing on the non-ferroan mud patrtidlas forms crystals 
lacking zoizilal structures.

Ferroan calcite cement

Other types of cement: the violet-pink, violet and blue (after stain­
ing) have been called blocky cements (cf. Dunham, 1969, Schroeder,
1972) because of large, izometric crystals which are not, at least appar­
ently, in any relation to the substratum (Pl. II, Fig. 3, Pl. IV, Figs. 1, 
5). In the very small voids there sometimes appears the violet gran u lar 
cement of the same size and shape ais the orange-pink one.

The intercrystailline boundairies in the mosaic of blocky cement are 
often built of plane interfaces and among triple junctions with the 
palisade cement, enfacial junctions aire not uncommon (cf. Balthurst, 
1964, 1971). Thlat proves a gap between crystallization of the palisade 
cement and the blodky one.

The coloured variants of the blocky cement often form zonal crystals. 
There was found an optical continuity between the ferroan calcite ce­
ment, nion-ferrolan calcite cement and bioclaistic muldlei (Pl. IV, Fig. 4).

The sequence of crysltJallilzation of cement around the bioclaistic 
monocrystals (echinoderm plates) is as follows:
— the orianlgie-pink, non-ferroan calcite cement grows syntaxiaily, im- 
medtialbely on the surface of the echinoderm plate;
— on it, also in an optical continuity, develops a zone of the violet or 
vioMnpink cement with a thin sulbzone next to the non-ferroan cement; 
usually, the suibzome is of an intensive violet colour, it is in a sharp 
contact to the non-ferroan calcite cement and, being parallel to the Hat­
ter, passes gradulally outwards into the viiolet-pink calcite cement (PI. 
IV, Fig. 4);
— the last to crystallize in an optical continuity is the blue calcite ce­
ment. It fiMs the remaining pore spaces between the grains.

Each zone of the ferroan calbite cement can contain thin, differently 
coloured subzones. Their boundaries are usually not sharp in contrast 
with the clearly marked external boundary of the non-ferroan calcite 
cement.
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Generations of cement

The above described sequence of ithe cement crystallization: non-fer- 
roan calcite — sharp boundary — fenroan cement, is the same for all 
monocrystals with biodlasStic nuclei. A similar sequence occurs in voids: 
the non-ferroan palisade cement crystallizes directly on the grain surfa­
ces and the internal part of pore spaces is filled with the ferroan blolcky 
cement (Pil. II, Fig. 3, Pl. IV. Figs. 1, 5).

Taking into account colour, shape and position in relation to the 
substratum, the non-fenroiain orainige-pinik calici'te cement has been consi­
dered as the first generation, and the ferroan blocky cement — as the 
seciond generation (cf. Oilldershiotw, 1971).

Between the crystallization stages of the first and the second gene­
ration cement a time break took plaice, easily noticed in case of the 
sequence: palisade cement — blocky cemenit. The layer of the steep-fa­
ced (palisade) cement is characterized by a dog-tooth surface separating 
both generations (Pl. IV, Fig. 1) between wthich no genetic relation has 
been observed. Discontinuity of crystallization is also stressed by pre­
sence of the compaction fracture surfaces nolt lined with the palisade 
cement but covered directly by crystals of the blocky cement (cf. Ba­
thurst, 1964). This discontinuity is not seen in case of monocrystals with 
bioclastic nuclei where the zonal structure is visible only after applica­
tion of staining.

The simple and clear scheme of the sequence of cement crystalliza­
tion iis slightly disturbed by the ferroain granular cement. I't cannot be 
distinguished from the non-ferroam granular cement and even from the 
microsparite matrix without application of staining. This cement appears 
rarely: Its relation to the blocky cement is not clear. It is possible that 
granular ferroan cemenit represents the fingt generation developed un­
der conditions of the negative oxidat io n- reduction potential. However, 
there ils another possibility: the ferroan granular cement is the one of 
the second generation, of size limited by void dimensions.

According to the research in recent (reef) sediimentary-diageinetic en­
vironments, there appear in a relatively short interval of time several 
cement generations which do not result from miacro-changes of environ­
mental agents. The repeating processes of sedimentation and cementa­
tion run almost simultaneously, and cemenjt (araigoniite and Mg-callcite) 
is characterized by a variable falbric (cf. Ginislburg et al., 1971, Schroe­
der, 1972, 1973 and others). So, separation of the only two cement ge­
nerations in the Lower Muschelkalk limestones is a considerable simpli­
fication. HoWever, as a generation, all the cement crysitalilizfcg unider 
stabile in the miacro-sca'le diagenetic conditions should be taken into 
account and, it is possible, thialt as a result of subtle changes of the en­
vironment, subgenerations could have been generated. Nevertheless,
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a picture of such cement subgenerations in rather monotonous micro- 
sparites and biomicrosparites is much less clear than in reefs with their 
primary an secondary voids in which all generations of internal sedi­
ments and the cementation stages can be registered (cf. Zankl, 1971, 
Schmidt, 1971, Ginsburg and Schroeder, 1973, Schroeder and Zankl,
1974). Attemps to distinguish such subgenerations were succesful for 
definite beds only. But, as up till now, no general correlation has been 
reached. Probably, one could attain much better results by applying 
cathodoluminescence (cf. Meyers, 1974).

Discussion

The first g é né rait ion c ement has been considered as an early diage- 
neitiic product of calcium carbonate crystallization in marine environ­
ment, and the second generation cement — as an effect of crystallliza- 
tion under relatively deep subsurface conditions.

An early submarine cementation is supported by the following:
— Lack or only slight traces of compaction in microsparites and biomi­

crosparites (coprolites are not compacted);
— Presence of intraidlasits being at the moment of erosion, in various 

stages of consolidât ion, completely lithified included (ctf. Zaniki, 
1969);

— Presence of rock-borers, serpulids and oyster-like pelecypods, connec­
ted with the existence of hardgrounds.
During crystallization of the fimsit generation cement the diagenetic 

marine environment was under oxidazing conditions. Another possibili­
ty — reducing conditions and lack of Fe2+ ioms is less possible, although 
the final effect in form of non-ferroan calcite cement w'ouid be the 
same. Evamy’s suggestions (1969) that the non-ferroam calcite cement 
was being formed above the ground waiter talble under subaerial condi­
tion (i. e. in vadose zone) are not motivated in case of the Lower Mu­
schelkalk deposits. Neither the meniscus (Dunham, 1971) nor the gravi­
tational (Müller, 1971) nor the stalactite cement (Purser, 1969, 1971) 
which are considered as cementation criteria for the vadose zone have 
been found. There is, as well, no vadose internal sediment in voids (cf. 
Dunham, 1969). Sediment covering the first generation cement appears 
only in case of infiltration of the material from the overlying bed, bring­
ing one more evidence of the considerable speed of cementation.

It is poislsMe, that under generally oxidizing conditions of the early 
diagenetic environment the negative oxidation-redudtioin potential and 
consequently, crystallization of the ferroan granular calcite cement could 
have occurred. The cause of such changes could be found in a local 
accumulation of the decaying organic matter or in a strong supply of 
clay hampering the exchange of the marine water with the one pene­
trating through the sediment.
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The source of the first generation cement was calcium carbonate ori­
ginating partly frorn the dissolved skeletal araigonite remains and partly 
from marine waiters saltu rafted wilth respect to GaC03.

In pace with growing thickness of deposits, the solutionis penetra'ttkbg 
partly cemented sediments, were gradually losing contact with marine 
water, what, most probably, brought about the end of the first (early 
diagemetie) phase of cementation.

The ferroan blocky calcite cement of the second generation was de- 
velopping in a different diagenetic environment. Its crystallization was 
slow, piossiibly with time breaks, resulting in large, often izometrdc cal­
cite crystals. Because of reducing conditions, some Ca ions in the calci­
te lattice were substituted by Fe2+ ions. The variable amount of Fe24- 
ions, causing a characteristic scale of colours in calcite crystals, proba­
bly reflects the changes in the chemicall composition of pore solutions 
(cf. Evamy, 1969).

It is difficult to establish when the second phase of cementation of 
carbonate sediments beigian. Nevertheless, it did not immediately follow 
the early cementation stage. It is indicated not only by the compaction 
(Collapse) structures, but also by the preissure-soflution which results, 
among others, in microStyloliteS. In the pressure- ŝoilutiton processes par­
ticipated the grains, the matrix and the first generation cement buit mot 
the second generation one.

At the end of the Late Triassic the Lower Muschelkalk deposits were 
not deeply buried. The rocks of the Middle and the Upper Muschel­
kalk aire not of big thickness (some tens of metres) arud the Keuiper se­
diments were in a great part removed in result of pre-Rhaetian uplift 
and following erosion (Senikowiczotwa, 1970). So, one can assume that 
the diageinetic proces&es were somehow influenced by meteoric waters 
deeply penetrating and mixing with relic pore solutions of marine ori­
gin. The meteoric waters, poor in Mg ions brought about the final eli­
mination of aragonite remains, preserved till then. CryStadliization of the 
blocky calcite began from the solutions enriched with calcium carbona­
te. Cementation took place probaiblly in the phreatic zone where the re­
ducing conditions and considerable mObd/Mity of waiter could be expec­
ted. According to Land (1970), cementation in the phreatic zone is much 
faster than in the vadose zone, although, there are different opinions 
on this subject (cf. Benson, 1974).

As a source of the second generation cement, the dissolution of the 
organic aragonite and pressure-solution, should be considered, especially 
in relation to the marly sediments. Whether these sources provided an 
amount of CaC03 adequate for cementation — it is not known. Styio- 
litizaition could be considered as a potential source of cement, but some 
of stylolites are younger than the blocky calcite cetment.
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Minerai composition of the cement of the finst and the second
generations

The second generation cement was developing under conditions of 
burial and inflow of meteoric waters usuallly poor in Mg ions. There is 
no dlouibft that it wais buil't of the mlost stable form of CaC03 i. e. the 
low Mg-calcite.

The question of the firsft generation cement now also built of low 
Mg-calcite, is more complicated. As an early diagenetic component cry­
stallizing undeir submarine conditions it should be, from the ac'tualistic 
point of view, aragonite or Mg-cailcoite. Had it be aragonite primarily, 
it would have to be subjected, in the late diagenetic environment of 
pore solutions poor in Mg ions, to neomorphic changes or, like the or­
ganic remains, dissolved. According to Schneidermann et al. (1972), Sand­
berg et al. (1973) and Sandberg (1975a, b) in the neomorphic calcite 
some relics of the primary aragonite structure of organic and inorganic 
origin (for example ‘cement) are preserved. However, in the calcite cry­
stals of the firsft génération cement neither aragonite relics (Pl. IV, Fig.
1) nor features typical of neomorphic calcite have been found. This ce­
ment is definitely a product of direct crysitalllizaltion from solutions.

It is possible that the cement of the first generation now present in 
the rocks, replaced the earlier araigonite cement completely dissolved 
under conditions of fresh waiter inflojw. In such a case, it should be ac­
cepted that these processes .took place in the vadose zone wihere the po­
sitive oxidatdon-iredufcition potential, necessary for the crystallization of 
the non-ferroan calcite cement, could be expeated, and where the freish 
wafers would make the low Mg-ca'lcilte development possible. Argu­
mente againts the vadose zone as the environment of the diagenetic 
changes are as follows:
— Lack of internal sediments in the primary and secondary voids (cf. 

Dunham, 1969);
— Lack of relation between the neomorphosed skeletal grains (see p. 

313 and the first generation cement;
— Laick of meniscus (Dunham, 1971), gravitational (Müller, 1971) and 

microstalactite cements (Purser, 1969, 1971);
— Presence of early diagenetic gypsum in beds now situated in the 

saturation zone (bore-hole Piekoszów IG-1); this mineral was remov­
ed from rocks being now in the vadose zone and remaining voids 
were filled with silica of lutecite type (cf. Folk and Pittman, 1971, 
Siedlecka, 1972).
Because of the lack of proofs for the vadose cementation, together 

with the arguments stated above (p. 307) in favour of the submarine 'Ce­
mentation, the author assumes that the first generation calcite cement 
was a low Mg-calbite, eventually, with a slight addition of MgCOs.

Two stages of cementation were distinguish: the synlsedimentary
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submarine cementation (cement of the first generation) and the late dia­
genetic cementation under shia/lllow burial (cement of the second généra­
tion). The diagenetic processes (among others stylolitization, and cry­
stallization of cement in the tectonic fractures) probably continued un­
der relatively deep burial caused by sedimentation of Jurassic and Cre­
taceous deposits.

The crystallization of calcite cement in the MuSchell'kallk sea would 
have been possible if Mig/Ca ratio in the marine water was lower than
2 : 1 (recently 5:1) .  A possibility of such conditions in the ancient seas 
is suggested by Sandberg (1975b). According to this author the abun­
dant development of planktonie fonaminâfers and cotecoflithopihoiridis buil­
ding the skeletons of low Mjg-ca'lctilte, cboild have highly influenced the 
increase of Mg/Ca ratio through binding and removing Ca ions from 
the oceanic system (cf. Li et a'L, 1969).

The highest part of the Lima strftata Beds wais deposited under dif­
ferent conditions than the lower unite so one can assume that its syn- 
sedimenitary cementation run in different way. A gradual increase in 
salinity, indicated by appearance of an early diagenetic gypsum, and 
extinction of fauna at junction of the Lower anid Middle Muschelkalk, 
couild have influenced both the diagenetic environment and the kind of 
the crystallizing cement. Thus, one should consider that both the pri­
mary aragonite and the Mg-calcite cemenits cou'ld have existed in those 
deposits, especially, since some signs of neomorphism of the first genera­
tion cement have been indicated (see p. 313, 314). So, dissolution of ara­
gonite shells before déposition of the immediately higher sediment re­
quires some explanation (cf. Part I, p. 219). The author suggests that 
some parts of the marine bottom couild have emerged, locally and for 
a short time only. It is possible, that those parts were either situated 
in the tidal zone or even in supratidal one from time to time flooded by 
waves, so that the marine water was penetrating into deposits. Sait con­
centration was grqwing up due to evaporation, thus resulting in precipi­
tation of gypsum. Subsequently, in periods of intensive rainfalls, the 
aragonite skeletons close to the sediment surface were being dissolved.

NEOMORPHISM

In 1965 Folk suggested ”a comprehensive term of ignorance” i. e. neo­
morphism, to describe the transformations between one mineral and 
itself or a polymorph. Neomorphism includes inversion (or a polymor­
phic transformation) and recrystallization but does not concern replace­
ment of a mineral by any other one of a different chemical composi­
tion.

In this paper the term ”neomorphism” concerns only the aggrading 
neotmorplhism (Folk, 19>65). The author coullld not find any example of
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the degrading neomorpthdsm i. e. diminution of grains as a result of re- 
crySba'll!izati)on (cf. Ormie and BroWn, 1963, Wolf, 1965). Formlaltion of 
majcrdte envelopes i. e. micritization, is not connected with recrystalliliza- 
tion but with crystallization of cement in borings.

In the Lower Muschelkalk deposits the neomorphic transformations 
are easy to trace within ongamic structures.

In reSpelct to the grade of neomorphiism the organic remains have 
been divided as follows:
— Elements of primary microstructure preserved; under the light micro­

scope no transformations were found in them;
__ Elements in which stages of the neomonphic tramsfonmiations mlay be

observed;
— Neamorphosed elements with weak rellics of primary structure.

The first gnoup is represented by skeletal remains of echinodenms, 
braohiopods, nodosiarids, serpulildis, ostracods and by some aailcite layers 
of pelecypod shells (e. g. Lima striata). These Skeletons ox their parts 
were prolbalbly built, like the recent foirmls, of loiw and high Mig-calcite. 
In case of skeletons built of Mg-calcite the loss of Mg ions and trans­
formation into the low Mg-calcite was being accomplished without any 
changes in their microstructure, that could be observed under the light 
microscope (cf. Friedman, 1964). However, there can be some ultrastruc- 
tural changes visible under the electron microscope only (cf. Sandberg, 
1975a). They were observed in ostralcod vailves. Under the light micro­
scope the miorostnudture of am ositracod valve makefs an impression of 
an unchanged homogenOus-priismaitic one, what is furthermore, empha­
sized by the syntaxiail cement. However, on a SEM photomicrograph, 
a clearly developed cement can. be observed but the prismatic structure 
is at least problematic (Pl. II, Fig. 3).

The second group contains the elements in somehow „fixed” stages 
of neomorphic tranisforimations. Here predominate peleicypbd shellfe or 
more exactly, the calcite layers of their shells, usually accompanied by 
cement casts of the primary aragonite layers.

Neamorpihism is performed as follows:
— In the primary micrOistructu r e comjposed of crystallites generally in- 

distiniguishaible under the light microscope, solme single neomonphic 
crystals appear (Pl. III, Fig. 2), Which are of irregular shapes and 
with tendency to imitate the primary framework;

— Growth of the neomorphic crystals causes their extention beyond the 
shell layer where the neomorphism begun; relics of layered struc­
ture as dark ghost lines transect neomorphic sparry mosaic (Pl. III, 
Figs. 2, 3, 4);

— In the final stage, a mosaic of irregular neomorphic crystals, elon­
gated normal to the layer surface is formed, and ghost lines disap­
pear in places (PL III, Figs. 3, 4).
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A typical feature of the neomorphic calcite crystals is an undulöse 
or semi-composite light extinction and usuallly orientation of optic axes 
normal to the direction of crystal elongation. This phenomenon was 
observed by Lindhollm (1974), in respect to oaldite crystal's considered 
by the mentioned author, as neombrplhic.

To the thiird group there belong the skeletons of pelecypods and ga­
stropods, built of neomorphic calcite onlly, without any traces of the pri­
mary structure, apart from the ghost lines. These remains are in the fi­
nal stage of neomorphism.

A characteristic feature of the organic remains of a!l(l three groups is 
theiir pale-brown colour aind pseudlo-pleochroism (cf. Hudson, 1962). To­
gether with increasing intensity of neomorphism the brown colour 
groiws paler.

To a separate group belong skeletons (mainly pelecypod remains) 
built of a single calcite crystal with undulose extinction, in which some 
brown inclusions appear oriented according to a scheme conditioned, 
most probably, by the primary microstructure. These inclusions can be 
oriented: paralMy to layer surface of a shell!, perpendicularly and obli­
quely to iit; the optical axes are oriented in the same way. The light 
extinction is wavy, as, for example, in the calcite shell layer of Lima 
striata. However, in the latter case, the homogenous-prismatic microstruc­
ture of the layer is visible — in the skeletons mentioned above, no de­
tails of the primary .structure can be distinguished. Talcing into conside­
ration the orientation of inclusions and of optic axes, the primary struc­
ture of particular skeleton can be approximately reconstructed: a paral­
lel orientation of optic axes and lines of inclusions indicates a fibrous 
structure with the orientation of crystallites parallel to .a layer surface, 
whereas the normal orientation indicates a prismatic structure with 
crystallites perpendicular to the layer surface. An olblique orientation 
in dictates a prismatic struldture with crylstailllites inclined to the layer 
surface.

Although, in the microstnucture of the elements mentioned aibove 
some transformations took place, which obliterated the individual fea­
tures of particular crystallites, the author is not sure, mainly betdause 
of lack of reorientation of the optic axes, whether the neomorphism can 
be taken into account. Most probaibly, obliteration of crystallites was 
caused by the loss of organic matter. A similar phenomenon was obser­
ved in foramińifers of radial structure though in theiir ultrastruictiure 
no transformations were found (Pl. IV, Pig. 3).

Subsequently, a question arises: at What stage of diagenesis did the 
neomorphic transformations take place? The following observations help 
to dissolve this problem:
— The first generation cement grows in an optical continuity with the
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elements of preserved primary structure but it does not form crystals 
syntaxial with neomorphic calcite;
_, rphe ®eoond generation cement grows in an optical oonitinuity with
crystals of neomorphiic calllcite. If a skeleton is surrounded by the two 
cement generations, the calcite of the secbmd generation is in an opiticail 
continuity with neomorphic callCi'te of organic structure but the first 
generation calcite cemenit preserves its individuality (Pl. Ill, Fig. 3, 4);

In case of an optical continuity 'between the second generation ce- 
memlt and neomorphic cailcite the optic and crySltaltagraphic axes are 
oriented normally to the layer surface. Inside the shell, where no con­
tact between neomorphic calcite and cement exists, the optic axes of 
$be neomorphic cailcite are mostly perpendicular to the elongation (cry- 
stallographic axes) of crystals (cf. Lindholm, 1974).

Basing on the above given data, one can assume that neomoTpihism. 
was simultaneous with development of the second generation cement 
(cf. Benson, 1974). The neomorphic transformations were, most prob­
ably, influenced by pore solutions from which cement was precipitated. 
It is difficult to established whether orientation of neomorphic calctiite 
was forced by cement crystallizing syntaxial with it or, to some ex­
tend, by the primary microstructure. The author considers the first pos­
sibility as more probable, at least in the zone of junction of cement 
with the neomorphosed organic structure. As indicated by Schroeder 
(1973), skeletons may be replaced by neomorphic oalcite which is in 
an optical continuity with the btocky, low Mgncailcite, though the ara­
gonite cement of an older generation occurring between the blocky ce­
ment and neomorphic caltoite, is not affected by the transformations.

The primary mineral composition of the neomorphosed skeletal re­
mains wilii be discussed next.

Aragonite cannot be considered as mineral building up skeletons of 
the second group because the still preserved primary micrasitruCture 
gives a negative result when treated with Feigl’s solution (Pl. Ill, 
Fig. 2). The fact of different neomorphiiic stages being „fixed” in a ske­
leton may be eventually explained by different amount of Mg ions in 
crylstallites and related different response to neomorphic transforma­
tions.

The skeletons of the third group could be built of Mg-calcite as 
well as aragonite. Hofwever, they are often accompanied by cement 
oasts, what point's at an early dissolution of aragonite layers. Thus, 
in such cases, it is more probable that the neomorphosed layers had 
been primarily builit of Mg-calicite.

In the higher part of the Lima striata Beds, examples have been 
found, indicating neomorplhiism of the fiirlst generation cement. In fact 
an optical continuity was found between both generations of cement
3 — Rocznik PTG  XLVIII/3—4
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and the neomorphic calcilte of skeletal remains. The remains and the 
finsft generation cement are orange-pink coloured, whereas the second 
generation cement, growing syntaxially with the former, is blue. Change 
of colour between these two generations is not sharp. In this case the 
sequence of the diagenetic events has been as follows:
— Crystallization of the first generation cement (aragonite and/or Mg- 
-calcite) on Skeletal grains;
— Crystallization of the late diagenetic cement (the second generation) 
from pore solutions with simultaneous neomorphis>m of both metbaista- 
ble cement of the first generation and of the organic remains.

Moreover, within the blocky cement, some smaill pores were found, 
(Bl. IV, Fig. 2), Which may indicate an early preiseniee of the primary 
aragonite cement (cf. Schneidermann et al., 1972, Sandberg et al., 1973). 
The question of neomorphic changes in the Muschelkalk deposits re­
quires still more investigations.

Essentially, the neomorphic events are limited to the examples here 
discussed. In same deposits, recr ystallization wilthin coprolites (the Di­
ma strialta Beds) can be found, sometimes also in other peloids. Though, 
such examples are more rare than it should be expected.

CONCLUSIONS

Diagenesis includes changes occurring in a sediment under condi­
tions of a relatively low temperature and pressure, and leading to trans­
formation of loose sediments into hard rock. Choquette and Pray (1970) 
distinguished three stagels of diaig'emeöis: eo-, meSo- and tellogenietic. 
Eogenesis included a time inrbetrvail beginning with the final defpositdion 
and ending with burial of sediments. The mesogenietiilc stage includes 
the period of a more or less deep burial of sediments, where the oper­
ating processes are not immediately influenced by surface agents. The 
telogenetic stage is connected with rock uplift, erosion and weather­
ing. In comparison to other authors (cf. Strachów, 1953, 1960, Fairbridge, 
1967, Chilingar et al., 1967), Choquette and Pray (op. cit.) enlar­
ged the notion of diageneisis by incorporating into it the weathering 
pnoce'ssefs reaching doiwn to the ground Water level. The author ado(plfcs 
the terminology of the cited authors but excludes the telogenetic stage 
from diagemetsis.

In relation to the Lower Muschelkalk deposits, during eogenetic 
stage the following processes were operating: partial dissolution of or­
ganic aragonite, bioturlbatüonß, an early cementation (cetaen't of the first 
generation), a gradual dehydration of a sediment accompanied by 
a slight compaction and, in places, crystallization of gypsum.

In the mefsögenetic stage, there took place: processes of compaction
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and pressure-soluition, further dissolution of stil'l existing aragonite Ske­
letons, a late diagenetic cementation (cement of the second generation) 
accompanied by neomorphisim of metastalble minerais, and sltylolitiza- 
tion. Migration of silica should be also taken into account in this 
stage.

The teilogenetfic stage is connected with karts processes, dissolution 
of gyjpsum and precipitation of silica in place of the laltter. Those pro­
cesses were not investigated in detail.

The diagenetic processes, and conditionis under which they opera­
ted in the Lower Muschelkalk deposits, were as follows:
1. Before the final deposition of some sediments, there occurred mdicri- 
tizatiion of skeletal grains and, locally, intra- and lintergranular cemen­
tation of many partielles of manifold origin, lying on the sea bottom in 
contact with one another, from which grapestones and other peloids 
generated. Subsequently, those grains were redeposited, partly at least, 
and formed cross laminated or horizontal laminated sediments.
2. The main phaise of the öanly diagemesis (the eOlgeme't&c stage) begun 
wiith the final deposition of the sediment. Diagenesis was OomäidetfalMy 
con'diltionefd by the tyjpe of the sediimenlt and nate of its deposition (cf. 
Shinn, 1969). In calcareous muds, a gradual dehyldratiza'tion anid decre­
ase in pOrosity took place (cf. Ginislburg, 1957). FrObalbly, dehydratiza- 
tion wias of little importance in more coarse-grained sediments devoid 
of imujd.

In areas of slow sedimentation, the earlly cementation wias proibably 
almost simultaneous with deposition. To deposits of such type belong 
mainly mfcrosparites anid some biomiCrOsparites,, where pOstdeposdtio- 
mail trlace fossils ais wedll ais coproliteis are found. The lack of Fe2+ iOns 
in calcite lattice indicates that the early diagenetic cement (the first 
generation) wias being formed in an oxyidizimg environment. The trace 
foslsiils are also proofs of the oxydiziing conditions.

iPiresence of intraldllasts, lithifieid cOprOlitels and rock-toorens, as well 
as sQJiigfhrt compaction in microsp&rite<s, inidicate a fast cementation in 
the sulbmarine environment. The source of the cement Was marine wa­
ter supersaturated wûth ClaC03 and the dissolved organic aragonite.

A mânierail precipitated ais cement of the firisft generaition was cal- 
oite, probalbly containing a low percent of MgC03. However, taking 
intb consideration the change of crystal habit (cf. FOlk, 1973, 1974) in 
the Muschelkalk profile, it can be assumed that in the upper parts of 
the Lower Muschelkalk sequence, the chemical composition of calcite 
cement was being gradually changed, the amount of Mig ions was gro­
wing due to an increase in salinity and evaporation.

No proofs of precipitation of aragonite cement nor of neomorphiism 
of the first generation cement (With exception of the cement in the 
upper part of the Lima striata Beds) and, evidences of dissolution of
3*



—  316 —

aragonite skeletons, suggest that in the Early Muschelkalk sea the 
Mg/C a ra'tfio was different than in the reioent oceans. Quite pr'abalbly, 
this ratio was lower than 2:1; so, there was a possibility of nuideation 
of inorganic calcite (cf. Folk, 1974, Sandberg, 1975b) as cement (acti­
vity of bacteria and algae could be important). Precipitation of arago­
nite cement could have occurred in the higher part of the Lima strialfca 
Beidls, because of an iinicreaise in salinifty and crystallization of 0aiCO3 
and gyptsum; thus a gradual elimination o.f Ca ions from solution anld 
a rising Mg/Ca ratio took place.

The calloi'te cement of the first generation is a cement growing syn- 
taxially with cryistallliteis of organic structures, and proibably, with the 
calcareous mud particles. It seems, that increase of grain size of primary 
carbonate mud up to m'icrospair size, afllso results from this process.

Growth of the palisade cement of microspar size was observed on 
skeletal remains burieid in mud. Because the crystals are smaijl they 
can be distinguished from the miorosparite matrix only by applying 
of an electron microscope.
3. The mesogenetic stage begun when thickness of the overlying sedi­
ment increased anld the marine water supply Was cut off. Compaction 
resulting from accumulation of the overlying ibeds oauised c o lla p s e  

structures in .partly cemented but stilil porous sediment. Thus, the com­
panion fracture surfaces lack cement of the first generation, what 
allows to consider the compaction as early miesolgenetic.

During Keuper and Rhaetian, in connection with sea regression and 
uplift, meteoric water deeply penetrating and mixing with relies of 
marine pore fluids, had proibalbly a considerable influence on diiagene- 
sis. From those poor in Mg ions solutions dissolving the still preserved 
aragfonite skeletons, the Mock y cement of the secbnid generation cry­
stallized. Simultaneously, meteoric waters enableid recrystalilization (neo- 
morphism) of grains built of metastabile carbonates.

The late diagenetic cementation (second generation) was taking place 
under reducing conditions, what is indicated by presence of Fe2+ ions 
in the lattice of the btocky calMte.

The main source of cement of the second generation is not known. 
Some amounts of CaC03 could have been supplied by both the pressure- 
solution and dissolution of organic aragonite.
4. The telogenetic stage started at the moment of uplift of rocks to 
the subsurface zone. The main processes were: karst formation, dissol­
ution of gypsum and migration of silica as well as its precipitation
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STRESZCZENIE

Praca jest poświęcona charakterystyce ortach emicznych składników 
skał węglanowych (mikry t, mikrospar, cement), ich związkowi z pro­
cesami diagenezy oraz .przebiegowi diagenezy.

S k ł a d n i k i  o r t o c h e m i c z n e

Wśród składników ortochemicznych mikryt ma najmniejsze znacze­
nie. Buduje on powłoki na elementach ziarnowych, niektóre peloidy, 
a czsasem wypełnia wnętrza komór ślimaków.

Głównym składnikiem tła skalnego mikrosparytów, biomikrospary- 
tów i biope/lmikrospaTÿtôw jest mikrospar — diagenetyczny odpowied­
nik pierwotnego mułu węglanowego (BI. I, fig. 1, 2). Muł węglanowy 
przypuszczalnie zawdzięcza swe pochodzenie mechanicznemu i biolo­
gicznemu kruszeniu elementów szkieletowych; część mułu może być 
wynikiem fizyko-chemicznego 'luib biochemicznego wytrącania CaC03 
z Woidy morskiej. Muł węglanowy uilegał transportowi i mechanicznemu 
sortowaniu, tworząc osiady poziomo i przekątnie warstwowane. Jego 
przekształcanie w mikrospar nasttąpiło przypuszczalnie w drodze syn- 
taksjallnej cementacji poszczególnych cząsitek.

Cement węglanowy stanowi, obok elementów ziarnowych, główny 
składnik biospiarytów i biopellsparytów, pojawia się również w innych 
rodzajach skał. Składają się nań dwie generacje: starsza, I generacja 
jest wykształcona w postaci bezżdlazistego kallcytu stnomościennego (PI.
II, fig. 3, Pl. IV, fig. 1), niekiedy o rozmiarach mikrosparu (pi. fig. i t
2, Pl. II, fig. 1). Młodsza, II generacja jest kalcytem żelazisrtym o zmien­
nej zawartości jonów Fe2+ i odznacza się blokowym wykształceniem 
(Pl. II, fig. 3, Pl. IV, fig. 1).

P r z e b i e g  d i a g e n e z y

Właśdiwa faza wczesnej diagenezy (stadium eogenetyczne) rozpoczęła 
się z chwilą końcowej depozycji osadu. Polegała ona na stopniowym 
adiwadnianiu sedymentów, spadku porowatości, rozpuszczaniu organi­
cznego aragonitu i wczesnej cementacji.

Cement I generacji tworzył się głównie w warunkach utleniających. 
Jego źródłem była przesycona węglanem wapnia woda morska przeni­
kająca osad oraz ulegający rozpuszczeniu organiczny aragonit. Minera­
łem krystalizującym w postaci cementu I generacji był kallcyit, zawie­
rający przypuszczalnie niewielkie domieszki MgC03. W wyższych ogni­
wach dolnego wapienia muszlowego (wyższa część warstw z Lima stria­
ta) można spodziewać się wzrostu zawartości Mg w cemencie kaleyto- 
wym w związku ze wzrostem zasolenia oraz usuwaniem z roztworów 
jonów Ca w postaci kaicytu i gipsu. Dla morza wapienia muszlowego 
sugeruje się odmienny od współczesnego stosunek Mg/Ca, przypuszczał-
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nie niższy od 2:1, co pozwalało na krystalizację nieorganicznego kalcytu 
w postaci cementu I generacji.

Paliisafdowy cemer.it kall'cytowy o wielkości mikrosparu (PI. I, fig. 1,
2) znaleziono na powierzchniach elementów rozsianych w mule węgla­
nowym (w mikrosparytach i biomikrosparytach). Cementacja tych 
utworów przebiegała przypuszczalnie szybko, gdyż maisowo nietkiedy 
występujące koprolity nader rzaidko wykazują ślady defortaacjii ,ptwd 
wpływem kompakcji. Zawalisko we struktury korrupaikcyj ne tworzyły się 
prawie wyłącznie wteidy, gldy niektóre aragionitowe diamenty szkiele- 
towe ulegając rozpuszczeniu we wczesnym stadium diagenezy, pozosta­
wiły po sobie próżnie otuillone cienkimi powłoktami miiikrytotwyrrii liulb 
w przypadku ślimaków, których komory mieszkellne były co najwyżej 
w nikłym stopniu wypełnione mułem.

Struktury zawaliskoiwe poiwstały po wykrystalizowaniu cementu 
I generacji, należy je więc wiązać z mezioigenetycznym stadium dialge- 
nezy. W etapie tym, w związku ze wzrostem miąższloślci nadkładu i od­
cięciem dopływu świeżej wody morskiej, zanikł bezpośredni wpłyiw 
czynników powierzcbnioiwych (podmorskich) na przebieg diagenezy.

Wskutek regresji morza w kajprze, przypuszicziailniie pośredni wpływ 
■na przebieg diage^nezy wywarły wody meteoryczne, wsiąkaijące w głąb 
skał i mieszające się z reliktowymi wodami porowyimi. Z noz'twtorôw 
tych rozpoczęła się krystalizacja cemeinttu II generacji. Źródło węglanu 
wapnia nie jest bliżej znane. Przypulszcza'lnie część CaiC03 pochodziła 
z zachowanych dotąd i rozpuszczanych aragonitowych elementów szkie­
letowych, część zaś z procesów rozpuszczania pod ciśnieniem (mikro - 
i maikrostyloiliity).

Cement II generacji wy'trącał się w postaci kailcy ;u blokowego w wTa- 
runfeafch redukcyjnych, na co wskazuje obecność jonów Fe2+ w jego 
sieci przestrzennej.

Równocześnie z krystalizacją cementu blokowego rozpoczęły się pro­
cesy neomorfizmu (rekrystaliizalcjii), ograniczone głównie do niektórytoh 
elementów szkieletowych, zbudowanych prawdopodobnie z Mg-kalcytu. 
W wyniku przemian neomorficzinych pierwotna struktura tych szczą­
tków ufległa w znacznej mierze zatarciu (Rl. IV, fig. 2, 3, 4, 5).

Stadium telogenetyczne rozpoczęło się z chwilą dźwignięcia skał do 
strefy powierzchniowej. Do procesów związanych z tym etapem należy 
rozwój zjawisk krasowych, rozpuszczanie gipsu oraz częściowe urucha­
mianie i wytrącanie krzemionki.

EXPLANATION OF PLATES — OBJAŚNIENIA PLANSZ 

Plate — Plansza I

Fig. 1. Skeletal fragment with microsparite cement crust, matrix built of m'icro- 
spacr, ibiomiicrospardte. Lower Muschelkalk, Wellenkalk, Wolica. Leached thin 
section, SEM.
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Fig 1. Element szkieletowy obrośnięty mikrosparytowym cementem, tło skalne zbu­
dowane z mikrosparu, biomikrosparyt. Dolny wapień muszlowy, warstwy 
faliste, Wolica. Wytrawiona płytka cienka, mikrofotografia skaningowa.

Fig. 2. Skeletal fragment wiiitih imiicrospairiite icement crust, matrix buiHt of miiciro- 
spar, biomierosparite. Lower Muschelkalk, Wellenkalk, Wolica. Leached thin 
section, SEM.

Fig. 2. Element szkieletowy z narastającym cementem imiikrospaxytowym, tło skal­
ne zbudowane z mikrosparu, biomikrosparyt. Dolny wapień muszlowy, war­
stwy faliste, Wolica. Wytrawiona płytka cienka, mikrofotografia skaningo­
wa.

Plate — Plansza II

Fig. 1. Skeletal fragment with microsparite cement crust, matrix built of micro­
spar, biomierosparite. Lower Muschelkalk, Wellenkalk, Radkowice. Thin se­
ction, SEM.

Fig. 1. Element szkieletowy iz narastającym cementem mikrosparytowym, ifcło skal­
ne zbudowane z mikrosparu, biomikrosparyt. Dolny wapień musElowy, war­
stwy faliste, Radkowice. Płytka cienka, mikrofotografia skaningowa.

Fig. 2. Fragment of micrite envelope (M) covered with cement of the first genera­
tion (Cl), cast is built of the second generation cement (CII), biosparite. Lo­
wer Muschelkalk, Wolica Beds, Wolica. Thin section, SEM.

Fig. 2. Fragment powłoki mikrytowej (M) z narastającym cementem I generacji 
(CI), odlew zbudowany z cementu II generacji (CII), biosparyt. Dolny wa­
pień muszlowy, warstwy wolickie, Wolica. Płytka cienka, mikrofotografia 
skaningowa.

Fig. 3. Fragment of an ostracod slhell with cement of the Æicrst generation devel­
oped on both the externail and linternail sides. Tlhe inside (ilefit side, bottom) 
filled with cement of the second generation, in the right upper corner ma­
trix built of microspar, biomierosparite. Lower Muschelkalk, Wellenkalk, 
Wolica. Thin section, SEM.

Fig. 3. Fragment ściany pancerzyka małżoraczka z cementem I generacji rozwinię­
tym na zewnętrznej i wewnętrznej powierzchni. Wnętrze (lewa strona, dół) 
wypełnione cementem II generacji, w prawym górnym narożu mikrospar 
tła skalnego, biomikrosparyt. Dolny wapień muszlowy, warstwy faliste, Wo­
lica. -Płytka cienka, mikrofotografia skaningowa.

Fig. 4. Fragment of pelecypod prismatic structure, in the left upper corner a ca­
vity formed Iby miicro-lborers, filled with micrite, ^biosparite. (Lower Mu- 
■sdhelkalk, Wolica Beds, Brzeziny. Thin section, SEM.

Fig. 4. Fragment pryzmatycznej struktury małża, w lewym górnym narożu wy­
drążenie utworzone przez mikroskałotocze, wypełnione mikrytem, biosparyt. 
Dolny wapień muszlowy, warstwy wolickie, Brzeziny. Płytka cienka, mi­
krofotografia skaningowa.

Plate — Plansza III

Fig. 1 . Microsparite horizontally laminated, laminae graded bedded. Permian, Bo- 
lechowice. Thin section, negative print.

Fig. 1. Mikrosparyt laminowany poziomo, laminy uziarnione frakcjonalnie. Perm, 
Bolechowice. Płytka cienka, odbitka negatywowa.

Fig. 2. Fragment of pelecypod shell with locally preserved primary structure (ar­
row), in places neomorphic calciite (N) with traces of growth lines, biomi-
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crosparite. Lower Muschelkalk, Lima striata Beds, Wolica. Thin section, one 
nieoi.

Fig. 2. Fragment skorupy małża z lokalnie zachowaną pierwotną strukturą (strzał­
ka), miejscami kalcyt neomorficzny (N) ze śladami linii przyrostowych, bio- 
mikrosparyt. Dolny wapień muszlowy, warstwy z Lima striata, Wolica. Płyt­
ka cienka, 1 nikol.

Fig. 3. Another fragment of the (same shell: fading out traces of 'growth lines in 
neomorphic calcite (N) mosaic. Poorly formed cement of the first genera­
tion (Cl, airrow), well formed cement of the second generation (CII). Thin 
section, one nicol.

Fig. 3. Inny fragment tej samej skorupy: na tle neomorficznego kalcytu (N) zani­
kające ślady linii przyrostowych. Słabo wykształcony cement I generacji 
(CI, strzałka), dobrze wykształcony cement II generacji (CII). Płytka cienka, 
1 nikol.

Fig. 4. As above, niçois crossed. Visible cement of the first generation (arrow). Ce­
ment of the second generation is in optical continuity (S) with neomorphic 
calcite (N).

Fig. 4. Jak wyżej, nikole skrzyżowane. Widoczny cement I generacji (strzałka). Ce­
ment II generacji narasta w ciągłości optycznej (S) z neomorficznym kal- 
cytem (N).

Fig. 5. The same shell. Visible fragments of preserved structure (arrow), neomor­
phic calcite (N) and cement of the second generation. Thin section, SEM.

Fig. 5. Ta sama skorupa. Widoczne fragmenty z zachowaną strukturą pierwotną 
(strzałka), neomorficzny kalcyt (N) oraz cement II generacji. Płytka cienka, 
mikrofotografia skaningowa.

Fig. 6 . Echinoderm fragment (E) with syntaxial cement (S) and fragment of mic­
rite envelope (M) with initial cement of the first generation, development of 
which was hamper by the faster growing syntaxial cement (arrow), biospa­
rite. Lower Muschelkalk, Wolica Beds, Wolica. Thin section, SEM.

Fig. 6 . Fragment szkarłupnia (E) z syntaksjalnym cementem (S) oraz fragment po­
włoki mikrytowej (M) z inicjalnym cementem I generacji, którego rozwój 
uległ zahamowaniu wskutek szybszego wzrostu cementu syntaksjalnego 
(strzałka), biospaTyt. Dolny wapień muszlowy, warstwy wolickie, Wolica. 
Płytka cienka, mikrofotografia skaningowa.

Plate — Plansza IV

Fig. 1. Steep-faced palisadę cement of the first generation (ĆI) developed on ske­
letal fragments impregnated with «iron (hydroxide (F). In pore spaces blocky 
cement of the second generation (CII), biosparite. Lower Muschelkalk, Li­
ma striata Beds, Wolica. Thin section, SEM.

Fig. 1. Stromościenny cement palisadowy I generacji (CI) rozwinięty na elemen­
tach szkieletowych przepojonych wodorotlenkami żelaza (F). W porach ce­
ment blokowy II generacji (CII), biosparyt. Dolny wapień muszlowy, war- 
stwy z Lima striata, Wolica. Płytka cienka, mikrofotografia skaningowa.

Fig. 2. Microstruicture of -calcite layer of a Lim a shell (L) with blocky cement of 
the second generation (CII). In the cement crystals close to the calcite shell 
layer, pores are visible, probably relics after aragonite cement of the first 
(?) generation (arrow). Lower Muschelkalk, Lima striata Beds, Piekoszów 
IG—1. Thin section, SEM.

Fig. 2. Mikrostruktura kaleytowej warstwy skorupy Limy  (L) z narastającym ce­
mentem blokowym II generacji (CII). W kryształach cementu przyrastają­
cych bezpośrednio do kaleytowej skorupy 'widoczne drobne pory, być może, 
relikty po aragonitowym cemencie I (?) generacji (strzałka). Dolny wapień
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muszlowy, warstwy z Lima striata, Piekoszów IG—1. Płytka cienka, mikro­
fotografia skaningowa.

Fig 3 Fragment -of nodoisairiiid (test of radial rmcrasfaiuctuirie with syntaxâally grow­
ing cement of the first generation. Lower Muschelkalk, Lukowa Beds, Wo­
lica. Thin section, SEM.

Fig 3. Fragment pancerzyka nodosarii o radialnej mikrostrukturze z narastającym 
syntaksjalnie -cementem I generacji. Dolny wapień muszlowy, warstwy łu­
kowskie, Wolica. Płytka cienka, mikrofotografia skaningowa.

Fig. 4. Crinoid fragments as bioclastic nuclei (E) for the syntaxially growing ce­
ment of the first (Cl) and the second (CII) generations. At the contact of 
these cements dark rim (arrow). Lower Muschelkalk, Wellenkalk, Pieko­
szów IG—1. Thin section stained with the alizarine red and potassium fer- 
rycyanide, one nicol.

Fig. 4. Fragmenty liliowców jako bioklastyczne jądra (E) dla syntaksjalnie nara­
stającego cementu I (CI) i II generacji (CII). Na kontakcie cementu I i II 
generacja ciemna obwódka (strzałka). Doilny wapień muszilowy, wamstwy fali­
ste, Piekoszów IG—1. Płytka cienka barwiona czerwienią alizarinową i że- 
lazicyankiem potasu, 1 nikol.

Fig. 5. Steep-faced palisadę cement of the first generation on grain surfaces. Pore 
spaces filled with blocky cement of the second generation, biopelsparite. Lo­
wer Muschelkalk, Lima striata Beds, Wolica. Thin section, crossed nieols.

Fig. 5. Stromościenny cement palisadowy I generacji narastający na elementach 
ziarnowych. Pory wypełnione cementem blokowym II generacji, biopelspa- 
ryt. Dolny wapień muszlowy, warstwy z Lima striata, Wolica. Płytka cienka, 
nikole skrzyżowane.




